Abstract
INTRODUCTION

24
Bivalve culture management is included in ecosystem-based management strategies 25 (Byron et al. 2011 ) and specifically in the Ecosystem Approach to marine Aquaculture 26 (EAA) (Costa-Pierce, 2008) . This ecosystem perspective, seek to find suitable places 27 for mussel farming and to predict potential production, economic outputs and 28 environmental effects. These aspects are essential to minimize environmental impacts (Borja et al., 2013; de Jonge et al., 2006) . Therefore, achieving 34 adequate cost-effective monitoring is essential.
35
The importance of mussel culture in this area (see section 2.1) drove us to establish a 
41
In Galician Rías, the first attempts in achieve an ecosystem perspective were made by 42 Tenore and González (1975) and Tenore at al. (1982) in the rías of Arousa and Muros. factor that affects mussel growth in suspended cultures (Cubillo et al. 2012a (Cubillo et al. , 2012b ; 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Ecosystem-based indicators as a tool for mussel culture Frechétte et al. 1996 Frechétte et al. , 2010 Labarta et al. 2004; Lauzon-Guay et al. 2005 , 2006 and 49 that must be regulated by mussel farmers. It is also well-known the substantial 50 variability in growth rates within a single estuary or embayment (Babarro et al. 2003; 51 Dickie et al. 1984; Mallet and Carver 1989; Stirling and Okumus 1994) . Site-selection 52 will be therefore another factor of influence in mussel growth that also needs special 53 consideration.
54
The final aim of this paper is to establish industry management strategies based on 55 ecosystem-based indicators. Results were divided in specific goals: first, the ecological 56 indicators of the ecosystem were described on basis of the hydrography (S, T, Chla), 57 dynamics (current meter records) and food availability (FA) of the five sites under 58 study. Then, mussel productivity parameters (biomass, fresh total weight, and length) 59 were presented for each location. Empirical relationships between the ecosystem 60 indicators and mussel productivity parameters were also reported. Finally, the economic 61 yields of the five rafts and the equations relating them with the ecosystem indicators 62 were also showed.
63
In our work, nowadays technologies let us to achieve an adequate cost-effective 64 monitoring of environmental variables in five different rafts within a Galician Ría, 65 which is essential for the wanted ecosystem perspective. Moreover, the proximity with 
MATERIALS and METHODS
74
Study area
75
The highest mussel growth rates world-wide have been reported in the four large coastal 76 embayments of NW Spain (Babarro et al. 2000; Fernández-Reiriz et al. 1996; Pérez-77 Camacho et al. 1995) , collectively known as Rías Baixas (Fig. 1a) . Mussel production 78 in this area reaches approximately 250,000 tons per year, 40% of the European and 15% 79 of the World production (Labarta et al., 2004) . The unique combination of upwelling-80 favourable winds during the spring and summer (Álvarez-Salgado et al. 2010; Wooster 81 et al. 1976 ) and coastal morphology make the Rías Baixas exceptional sites for the 82 extensive culture of the blue mussel Mytilus galloprovincialis on hanging ropes.
83
The Ría de Arousa is the largest of these embayments with an estimated production of 84 4400 tons of organic carbon in mussel flesh per year, about 10 % of the net primary 85 production of the entire ecosystem (Figueiras et al. 2002) has a size of 20 m x 25 m, supports 500 ropes of 12 m length and it is separated by 100 94 m from the adjacent rafts. These platforms are anchored with an iron chain at the bow. 
Ecosystem-based indicators
96
Bivalve production is largely controlled by food availability (Frechétte et al. 1989; 97 Smaal and Van Stralen, 1990) , which is determined by phytoplankton concentration 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Ecosystem-based indicators as a tool for mussel culture (Fernández-Reiriz et al., 1996; Garen et al., 2004; Page and Hubbard, 1987) , and water 99 current velocity (Pérez-Camacho et al. 1995; Strohmeier et al., 2005) . Phytoplankton 100 biomass fixes maximum food availability and current velocity in the cultivation area 101 determines the rate at which food is supplied. Some authors reported that temperature 102 and salinity can affect mussel growth (Bayne and Worral, 1980; Brown and Hartwick, 103 1988a, 1988b; Karayücel and Karayücel, 2000; Nair and Appukuttan, 2003; Seed, 104 1976 
Economic yield
157
At present, the minimum legal commercial size for harvested mussels in Spain is 50 158 mm. Commercial production (in kg) of each raft was evaluated considering only the 159 biomass of mussels with the legal commercial size. extra-large 1 mussels ( ≤20 pieces kg -1 ; 1 € kg -1 ). Economic yields were evaluated 164 using two different methods. In the first one, once removed the non-commercial size 165 mussels, a commercial category was assigned to each rope on basis of the average 166 number of mussels contained in one kg and the economic yield of the rope was 167 calculated considering the previous list of prices of the commercial categories. This 168 method will be named "unclassified mussels method" from here on. The second one is 169 more constrained and was developed with the aim of achieving a higher economic yield.
170
In this case, after removal of the non-commercial size mussels, the mussels on each Kruskal-Wallis rank test) were used.
185
As a post-hoc tests to obtain the differences between pairs, Tukey-Kramer test was used
186
with environmental parameters (unbalanced data) and Tukey-HSD (Honestly
187
Significant Difference) test with mussel productivity and economic yield parameters.
188
Linear regression models were used to explain both the mussel productivity parameters was not significant, it was deleted from the models. In this case, R 2 does not provide the Velocity roses are presented in Figure 2a . At the OuN raft, the preferential direction of 201 the current was SSW and the intensity was predominantly in the 5-10 cm s -1 interval.
202
At the MidN raft, the current direction was NNW-S and the intensity was < 5 cm s -1 .
203
For the OuS raft, the primary direction and intensity of the current was ENE-WSW and Tidal ellipses (M 2 component only) are represented in Figure 2b . The magnitude of the 215 tidal component (Table 2a) shows that the highest tidal velocity was produced at OuS 216 and the lowest at MidN. In the northern margin, the orientation of the tidal ellipses was 217 almost perpendicular to the predominant direction of the total current while at the 218 southern margin were almost coincident ( Fig. 2a vs. 2b).
(b) Hydrography and food availability 220
Depth-and time-average values of temperature, salinity, Chla, and food availability 221 were compared among the five sites to characterise the spatial distribution of these key 222 environmental variables within the ría ( Table 3 summarises the final biomass (B), length (L), total fresh weight (TFW), and 234 condition index (CI) of cultured mussels for the five rafts and for the three culture 235 densities.
236
For the B, L and TFW parameters, there was no interaction between the two main 237 factors: culture density and location (p > 0.05). Therefore, differences among densities Ecosystem-based indicators as a tool for mussel culture for each raft and differences among rafts for each culture were tested. Significant 239 differences in B were found among the three main culture densities (Appendix I, 
250
TFW only showed significant differences among culture densities (400 and 600 mussel 251 m -1 ) at the OuN raft, where the weight of mussels was 52 and 46 g, respectively
252
(Appendix III, Table III .1; one-way ANOVA, p<0.05; Tukey-HSD test, p<0.05).
253
Concerning locations, the heaviest mussels were always observed at the OuN raft and 254 the lightest at the MidS raft (Appendix III, with current velocity (v), Chla concentration, FA (Table 2 ) and culture densities (d).
264 Table 4 provides the equations obtained from these fittings. v, Chla and d together 265 explained 94%, 73% and 71% of the variance of B (Table 4a ), of L (Table 4b ) and of 266 TFW (Table 4c) , respectively, among the five rafts. The fitting using FA rather than ν 267 and Chla separately reduced the explained variance (92%, 64% and 66%, for B, L and 268 TFW, respectively). For TFW the culture density resulted to be always not significant.
269
For the individual growth parameters (L and TFW) the culture density resulted to be not 
Economic yield 275
Two different methods (section 2.4) were used to estimate the economic yield of mussel 276 farming activity under different culture densities and/or environmental conditions. 277 Table 5 , shows the commercial production by rope at different densities and at the five 278 locations. The total commercial production per rope (Method 1; Table 5a ) was almost 279 the same than the previously reported biomass per rope (Table 3) , since almost all the 280 mussels were larger than the commercial size (50 mm). Most of the mussels were within 281 the extra-large 2 commercial category and there were no mussels beneath the large 282 category. The lowest mussel size was at MidS raft. Following method 2 (Table 5b) , the 283 extra-large 1 mussels percentage at OuN raft is maximum: 76% (400 mussel m -1 ), 64% Stralen, 1990 ). In our study area, Chla concentration and current velocity resulted to be 359 the determining factors of mussel productivity in terms of B, L or TFW.
360
Despite that cultivation density have important effects on mussel growth (Cubillo et al. 361 2012a (Cubillo et al. 361 , 2012b Frechétte et al. 1996 Frechétte et al. , 2010 Labarta et al. 2004; Lauzon-Guay et al. 2005, 362 2006), in our study, it impacted significantly on biomass, but not on the individual 363 parameters L and TFW. This fact is result of the high food availability at this Ría.
364
In the B-model, Chla is the most important factor, contrarily to the L and TFW-models,
365
where the velocity achieves a higher importance in the individual growth of mussels. 
Environmental control of economic yield of rafts
377
Gross economic yields of rafts depend on the existing commercial categories. In the 378 beginnings of mussel culture, only three commercial sizes were considered and the 379 minimal commercial size was 70 mm. Nowadays, there are five commercial sizes and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Ecosystem-based indicators as a tool for mussel culture the minimal has decrease until 50 mm (Pérez-Camacho et al. 2013 ). These 381 considerations are not only due to market demands but also to a physiological and 382 ecological mussel culture approach (Pérez-Camacho et al. 2000) and, especially, to a 383 viable and sustainable commercial production.
384
Commercial production results show that to improve the economic yield of rafts, the 385 culture density of ropes must be adjusted depending on the cultivation area. The 
392
If is needed a lower culture density (500 mussel m -1 ), the MidS raft is where the 393 economic loss would be less. It is coherent with the low food availability of this area.
394
There are also large differences in the economic yields depending on the location of 395 rafts. At the OuN (MidS) raft the economic yield is significantly higher (lower) than at 396 the rest of rafts. This difference is related with ecosystem indicators according to the 397 relationships obtained in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Ecosystem-based indicators as a tool for mussel culture Pérez-Camacho, A., Labarta, U., Beiras, R., 1995. Growth of mussels (Mytilus edulis 543 galloprovincialis) on cultivation rafts: influence of seed source, cultivation site 544 and phytoplankton availability. Aquaculture. 138, 349-362.
545
Pérez-Camacho, A., Labarta, U., Navarro, E., 2000. Energy balance of mussels Mytilus culture density. Two estimation methods were used: 'unclassified mussels (black) and 13 'classified mussels (gray).
14 Figure   Figure 1 Ecosystem-based management strategies based management strategies Ecosystem-based management strategies based management strategies Table 5 Commercial production per rope for each culture density at the five rafts: (a) Method 1 (unclassified mussels): total commercial production by rope (Kg), pieces kg -1 : number of mussels contained in one kilogram and commercial categories following the corresponded commercial sizeclassification (section 2.4); (b) Method 2 (classified mussels): commercial production in each rope (kg), according to the commercial size-classification. Table 6 Empirical relations between the gross economic yield of each raft (in euros), culture density (d, mussel m -1 ) and environmental conditions. Gross economic yield is estimated from biomass per rope using two different methods: (a) Method 1 (unclassified mussels) and (b) Method 2 (classified mussels). 
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